Abstract. Classical forging process chains for the production of high performance parts consist of heating, hot forming, machining and heat treatment stages. Especially the last stage comprises numerous energy consumptive heating and cooling procedures. Consolidation of these process chains has a large energy-saving potential and thus can lead to ecological and economic advantages. In addition, the optimization may result in well enhanced local material properties in the final part.
Introduction
During the project time of three years the goal is to shorten the conventional process chain of forge high performance parts to yield a more ecologically friendly and economically efficient process. In figure 1 , a conventional and the EcoForge process are compared. A reheating reduction of nearly 100% and time saving of 30% are expected. With the introduction of a novel high ductility bainitic steel (HDB-steel), the process chain for high performance forging parts will optimise the energy and material consumption and also improve the range of steel performance.
To reach these aims, the temperature-and strain-dependent microstructure evolution, sensorcontrolled direct forge quench treatment, as well as the formability and machinability of the forgings during the cooling procedure will be the focus of this joint research activity. Two exemplary workpiece geometries, namely a shouldered shaft and a common rail, made of three different steel types will be investigated with regard to their direct forge heat treatment and final mechanical properties. Sensor-controlled heat treatment of the parts made from case hardening steel EN 1.6587 (18CrNiMo7-6) and a high-ductility-bainitic (HDB)-steel will be conducted to obtain a bainitic microstructure. Parts made from the precipitation hardening ferritic-pearlitic (AFP) steel EN 1.1303 (38MnVS6) will be studied to adjust a ferritic-pearlitic microstructure. In order to improve the service properties of these steels, post-treatment forming below 500°C will also be considered. Metal forming in this temperature range will obtain advantages such as local strain hardening and high geometrical precision of the final part similar to cold forging while decreasing the mechanical service loads on the shaping dies during the forming process. The parts made from the EN 1.6587 steel will be exposed to a further sensor-controlled case hardening step. This procedure provides an energy and material savings potential due to the omission of the glowing stage after forging and the reduction of the necessary material oversize. Additionally, the distortion in the part during case hardening can be reduced considerably.
Figure1: Left side: Comparison between the conventional and the EcoForge process chain in a temperature/time run, right side: shouldered shaft and common rail part
The influences of the modified workpiece properties on the machinability as well as the potential to recycle any remaining forging heat for subsequent machining processes are also important areas of investigation. To manage all of these challenges, each topic is dedicated to a separate subproject with close interaction between them. These subprojects will be presented in detail in the following chapters.
Subproject SP1: Low-temperature transformation processes in high-strength forging steels H. Dickert, M. Fischer, IEHK, RWTH Aachen University In SP1, the phase transformation processes and microstructural evolutions inside the three forging steels EN 1.1303, EN 1.6587 and the HDB-steel during processing are investigated. From the phase transformation kinetics and correlations between emerging microstructural features with resulting material properties, the optimal process routes will be determined.
The transformation kinetics are investigated by producing transformation diagrams (TTT and CCT) in dilatometer experiments. The results are provided to the other subprojects in order to determine the heat control parameters for the forging and machining processes. While phase fractions for the diagrams can be determined with standard metallographic methods, i.e. light optical microscopy (LOM), they don't provide enough details on the features of the emerging complex and multiphase microstructures for correlations with the material properties. Especially the bainitic microstructures, which have enormous potential in combination of strength and toughness [1] , are hard to analyse due to their complexity, the existence of various mutually overlapping classification systems and the constituents being too small to be resolved in LOM. These problems will be tackled by development of a new analysis procedure called "object based image analysis". It will be based on the analysis of SEM images, which provide a good compromise between high resolutions and the capability to investigate statistically relevant areas in a reasonable short time frame. The approach uses so-called "image objects", which are groups of pixels, as basis units. By this, information on graphical textures, geometries and context are accessible [2] . The analysis will be done in two steps: First, all single constituents that form the microstructure within an image will be identified. Second, using the available data about shape, appearance and context, the constituents will be classified. For this purpose, a classification system will be developed and implemented.
The analysis routines will be highly transferable and allow the analysis of SEM-image series with low effort and a high degree of objectivity. From the analyses of the steel grades, data sets on fractions, sizes, shapes, distributions, et cetera will be available for the occurring phases. For
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investigations of correlations between microstructural state and material properties, salt-bath heating experiments will be conducted and the samples will be mechanically tested. Additional samples and data on properties like formability, formability at elevated temperatures and machinability will be provided by SP2, SP3, and SP4. The microstructures will be analysed and correlations will be determined, from which recommendations will be made for adjustments of the process-parameters. Under the premise of process chain consolidation in terms of optimisation of the heat treatment stage, this subproject deals mainly with the experimental and numerical investigations on the temperature and deformation dependent microstructure evolution in the forged parts. Several material tests will be conducted to characterise the materials with regard to the deformation behaviour and the microstructure evolution. For this, tensile tests at several temperatures and strain rates will be carried out. Besides that, numerous continuous and isotherm TTT-diagrams for the steels under study will be provided from the SP1. A further milestone of the subproject is the numerical investigation on the microstructure evolution during the direct forge quench treatment of the forging. For this purpose the commercial FEA package simufact.forming (simufact engineering GmbH) will be extended with the models according to Johnson-Mehl-Avrami [3] and Koistinen-Marburger [4] to facilitate the numerical prediction of diffusionless and diffusioncontrolled phase transitions during the cooling phase. Besides that, further mathematical models for the prediction of the grain size distribution and the distortions related to the phase transitions will be implemented into the FEA system. In order to realise this aim, it is planned to extend the classical strain tensor, which comprises elastic, plastic and thermal strains, with the transformation-induced strain fraction. This computational framework will be calibrated and validated by means of the results of supplementary bar compression tests, where the final parts will be tested with regard to their mechanical and metallurgical properties in SP1. Additional experimental investigations on industrially relevant parts, namely a shouldered shaft and a common rail part, will also be conducted. These parts will be produced within a process chain which comprises the forging and the sensor-controlled direct forge heat treatment, which will be built up the institute of forming technology and machines. In order to allow for maximum reproducibilty of the parts, a robotsupported automation of the process will be done.
The final parts will be provided to SP4 and SP3 for further postprocessing steps. At the end, the mechanical properties of the parts will be analysed within the framework of SP1 in order to verify possible improvements of the parts properties compared to the production process with conventional heat treatment procedure. Forming at elevated temperatures below 500°C is considered as a possibility to overcome several disadvantages of conventional cold forging technology. Temperature level ranges depending on the material prove to be of particular interest as they go along with increased ductility and declining flow stress. At the same time, applying a process route of forming at elevated temperatures expands scope of material as well as it increases tool life due to lower forming loads. In comparison to cold forging, parts can be formed using steels with higher carbon share or alloying content without the risk of overloading the tools [5] . By forging at these temperatures, companies expect to produce parts with approximately the same tolerances and surface qualities as made with cold forging. Yet, the range of suitable materials, forming possibilities (by higher ductility) and higher tool life times (by lower process forces) should be broadened. In comparison to conventional cold forging, also time-consuming and cost-intensive surface treatment respectively intermediate annealing operations or even forming stages can be saved by heating up billets in advance to the forming process.
On consideration of the overall energy involved in thermo-mechanical forging process chains with an isothermic holding period at the end of the process, it can be seen that the energy available in the components in the form of process heat is currently not being used and, for example, is not being exploited to technical advantage. In the following, the term "Forming at elevated temperatures using the forging heat" means forming after heat treatment has been completed at the transition temperature, in order to use exactly this process heat. Fig. 1 shows a potential integration of forming at elevated temperatures using the forging heat in the process chain of thermomechanically-treated components, as well as the interfaces between individual subprojects of the key technology project.
The aim of this research subproject is to compile and evaluate technical measurements for adjusting the process limits of downstream forming and calibration of forged parts made from high strength steels -by the selective application of the forging heat in the temperature range of forming at elevated temperatures. If the process limits could be extended, economic benefits and an improvement in the technical and functional properties of the finished components would be solved.
Subproject SP4: Utilization of the forging heat for hot machining
Dr.-Ing. M. Garbrecht, F. Egorov, IWT, Bremen
The positive effects of hot machining are well known [6] . The application of the hot machining affects especially hard-to-machine materials [7] . However, an addition of energy by heating up the workpiece is not useful from the economical and ecological point of view. In this case, the use of the forging heat for the hot machining would exclude an addition of further energy, making the machining more efficient.
According to it, there are two main goals in the subproject 4, which will be investigated in the manufacturing technologies department of the Foundation Institute for Materials Science (IWT).
The first one is to analyze the machinability of the materials and parts, which were developed and produced in the subprojects SP1-SP6. For this goal, the processes turning and deep hole drilling were chosen. The second goal is to survey the possibility of using the retained forging heat for the hot machining of high performance parts.
To achieve the first goal, an extensive design of experiments was worked out. The parameters, such as cutting speed, feed rate, cutting depth and workpiece temperature, will be varied. The tool wear, process forces and chip form as well as workpiece roughness will be assessed as the main magnitudes for the investigation of the machinability. The results will be compared with the results of the second goal for extended conclusions to the usage of the forging heat for hot machining.
Regarding the second goal, the effects of hot machining (at temperatures of 500°C) on the research materials, AFP-and HDB-steels, by turning will be studied. For this, the investigations were split into four sections. The first one focuses on the optimization of the heat treatment of applied materials. The second section aims at the machinability of researched steels, considered from the cutting tool side. In the third section, the workpiece quality and the heat compensation in the clamping system will be addressed. The last section is the simulation of hot machining and includes the modeling of all essential process steps to facilitate the future design of hot machining processes.
The results will be provided to SP1-SP6 to characterize achieved economical advantages in the machinability of enhanced materials and process chains. The development and manufacture of high strength components from modern steels require special component properties to be set to correspond with the loading profile. To obtain a high component quality, energy efficiency and considerate use of materials with respect to resources, a
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Material Forming ESAFORM 2012 specific microstructure is pursued by means of a controlled heat treatment in advanced forging lines. For this purpose, sensor and measuring technologies are to be developed in conjunction with new heat treating processes to detect and control the material's transformation inline. The aim of the SP5 is to develop, manufacture and test a non-destructive, robust and temperature resistant sensor technology to directly and in-situ detect the material transformations during the cooling phase. Another aim of the investigation is to recognise and classify the phases and microstructural components as well as to relate signifiers in the signal's profile with the transformation transitions from austenite to ferrite, pearlite, bainite and martensite regimes.
The functional principle of the sensor system is based on eddy current technology and consists of analysing the temporal changes of electrical and magnetic material properties during the material transformation. The development of the sensor system for use on the component is to be adapted to the prevailing boundary conditions during the cooling phase regarding the cooling medium, the corrosion and temperature condition up to 700°C. Moreover, the sensor's construction and its positioning on the component must not impede the accuracy and sensitivity of the measurements and the ease of handling the sensors. Furthermore, the sensor and testing costs are to be kept low in order to attract industrial applications. A systematic construction and design of the eddy current system's excitation and measuring coils for detecting the transformation in the core and edge-zone regions are guaranteed by means of FEM computations. The transformations are detected via recording the changes of the electromagnetic material properties using the eddy current sensor and a FFT of the sensor's signal. The characteristics of the harmonics of the test frequency correlate with the phases and microstructural development in the component. Regarding the practical application of this technology in industrial forging plants, it is intended to develop several suitable system modules. These are multi channel signal generation and measurement acquisition, multi parameter testing, software system for harmonic analysis and a classification module to differentiate material phases and microstructures by means of cluster and regression analysis. Moreover, it is envisaged to integrate the sensor system into a demonstration model -forging plant to determine reference values to assess the signal profiles and calibrate the harmonics of the measured data. The acquired information about the material transformation is provided for SP6 to control the cooling phase. Testing the sensor system in two modern forging lines is planned to demonstrate the application under industrial process conditions. The consolidation of forging with a controlled quenching and isothermal heat treatment process can minimise energy and time consumption while maintaining a defined microstructure. Therefore, a quenching process with a multifunction heat treatment procedure will be set up, which can be incorporated into the forging process. To increase the range of application, spray quenching over a wide range of heat transfer coefficients (α = 1,000-20,000 W/m 2 K) will be used. This quenching process will be extended by an isothermal heat treatment process for the possibility to reach a new maximum. This allows fast, intensive quenching as well as slow, weak quenching, i.e. isothermal heat treatment, up to reheating of parts. Furthermore, the heat treatment process will be controlled by a microstructure sensor from SP5 to adjust the microstructure online during the heat treatment. The entire controlled heat treatment process will be simulated with CFD to optimize trials, pilot plant setup, and process parameters. The first construction of the quench rig is built on experience from distortion engineering SFB at the University Bremen [8, 9] . Boundaries for the construction are given by the requirements from SP1, SP2, and SP5. SP1 is the main partner for the quenching parameters, where SP1 defines the heat treatment and the microstructure; specifically the quenching speed, isothermal temperature, end temperature and time step for each temperature. SP2 defines the inlet environment of the pilot plant to be integrated into the forging line of the subproject SP2. For the complete automation of the entire process line, a bainite sensor developed and fabricated by subproject SP5 will be integrated into the quenching camber. With an information exchange between the sensor and the control system of the quenching process, a fully automation heat treatment system can be realized. After several successful trials and a close cooperation between the subprojects SP2, SP5 and SP6 the heat treatment system will be integrated into an industrial forging line at member of the industrial steering committee, to carry out tests under typical production conditions.
Summary
Innovative processes are being developed for increasing the performance and shortening of all processing stages of the entire manufacturing process chain for high strength components. This is performed by the interdisciplinary collaboration of several research centres in this project. The process chain for forging processes can be significantly shortened by means of developing and implementing numerical simulations of heating and cooling processes as well as development of a sensor controlled heat treatment along with forming at elevated temperatures and hot-machining. The omission of the so far necessary heating and cooling cycles and their replacement by a shortened and optimised forging process leads to energy, material and cost savings as well as quality increases during the industrial applications for manufacturing high strength components. This enables the participating industrial partners to consolidate or improve their market positions.
